Reducing acquisition time may improve patient throughput, increase camera efficiency, and reduce costs; reducing acquisition time also increases image noise. Newly available software controls the effects of noise by maximum a posteriori reconstruction while maintaining resolution with resolution-recovery methods. This study compares half-time (HT) gated myocardial SPECT images processed with ordered-subset expectation maximization with resolution recovery (OSEM-RR) (with and without CT-based attenuation correction [AC]) with full-time (FT) images obtained with a standard clinical protocol and reconstructed with filtered backprojection (FBP) and OSEM (with and without AC). Methods: A total of 212 patients (mean age, 57 y; age range, 27-86 y) underwent 1-d rest/stress 99m Tc-tetrofosmin gated SPECT. FT (12.5 min, both rest and stress) and HT (rest, 7.5 min; stress, 6.0 min) images were acquired with low-dose CT for AC in 112 patients. HT acquisitions were processed with OSEM-RR (with and without AC) using software, and FT acquisitions were processed with FBP and OSEM (with and without AC). In another 100 patients, test-retest repeatability was assessed using 2 sets of FT images (FBP reconstruction) that were acquired one immediately after the other. Radiologists unaware of the acquisition and reconstruction protocols visually assessed all reconstructed images for summed stress, summed rest, and summed difference scores and regional wall motion using a 17-segment model. Automated analysis on gated SPECT was used to determine left ventricular volumes, ejection fraction, and dilation (end-diastolic volume, end-systolic volume, left ventricular ejection fraction, and transient ischemic dilation [TID]). A clinical diagnosis was also determined. Results: All measurements resulted in significant correlations (P , 0.01) between the HT and FT images. The only significant difference in mean values was for OSEM-RR plus AC; this method led to an increase in TID by 4% over FT imaging. The concordance in the clinical diagnosis for HT versus FT was 106 to 112 (k 5 0.88) for no AC and 102 to 106 (k 5 0.91) for AC, similar to the repeatability of FT versus FT (98/100, k 5 0.95). Conclusion: HT images processed with the new algorithm provided a clinical diagnosis in concordance with that from FT images in 95% (no AC) to 96% (AC) of cases. This concordance is similar to the test-retest repeatability of FT imaging.
Coronaryheartdi sease is a leading cause of death in the United States and the most prevalent form of cardiovascular disease, affecting 16 million people. Gated SPECT cardiac perfusion imaging plays a fundamental role in prediction, diagnosis, prognosis, and the selection of appropriate treatment for patients with suspected or known ischemic heart disease (1, 2) .
In SPECT, there is a trade-off between image-acquisition time and noise levels. A shorter acquisition time would reduce the time during which the patient is required to lie still and reduce the likelihood of patient motion artifacts. A shorter scan time might also improve camera use and reduce the cost of the test. There was some success in reducing scan times with the introduction of multihead g-cameras in the 1990s, which increased the detector surface area and allowed simultaneous acquisition of multiple-projection views. Other groups have suggested that diagnostic accuracy could be maintained with noisier studies (3) or studies with reduced spatial resolution (4), but these approaches had limited acceptance. More recently, there have been exciting advances in image processing and reconstruction algorithms that improve the image quality of count-poor studies.
The new algorithms incorporate noise regularization and resolution recovery (RR). To compensate for the increased noise in the shorter-duration acquisitions, some form of statistically based noise suppression, based on prior knowledge of the type of activity distribution, is applied to the data during image reconstruction. This form of noise suppression, like low-pass filtering, tends to reduce the spatial resolution of the image. To compensate for these effects, the algorithms also include distance-dependent RR. The resolution of gcamera images decreases as the source increases its distance from the collimator surface. By modeling the point-spread function (PSF) and other sources of image blurring inside the image-creation process, it is possible to compensate for these effects and improve the image quality (5) . The PSF can be integrated into reconstruction as part of an iterative algorithm. The PSF has 4 components: septal penetration, septal scatter, intrinsic detector response, and, most important, geometric response function (GRF) (6) . The GRF component is defined as the normalized 2-dimensional Fourier transform of the point-source image formed in a plane behind the collimator by photons that are accepted geometrically through the collimator holes. It is often assumed that GRF is spatially invariant in planes parallel to the face of the collimator and that the intrinsic response is spatially invariant in the detection plane. However, a more accurate description of specific collimators can be obtained by Monte Carlo simulation or experimental measurements of collimator geometry (7, 8) .
Our objective in this study was to compare gated myocardial perfusion images obtained using half-time (HT) acquisition and processed using one of the new RR reconstruction algorithms with those obtained using a standard clinical protocol and reconstructed using filtered backprojection (FBP) or ordered-subset expectation maximization (OSEM) in a patient population of intermediate-to-high pretest probability of coronary artery diseases (CAD).
MATERIALS AND METHODS

HT Reconstruction Algorithm
The Evolution for Cardiac software package (GE Healthcare) is a new reconstruction algorithm that has recently become available for clinical cardiac imaging. This algorithm incorporates RR and maximum a posteriori (MAP) noise regularization, permitting cardiac SPECT images to be acquired in approximately half of the time (HT acquisition) needed for reconstruction with the standard OSEM algorithm (9, 10) . The PSF is stored as a look-up table, and the radial distance of the detector is recorded as part of the projection data. Equipment-related information for a variety of different collimators is stored in an additional look-up table that is part of the reconstruction package; acquisition parameters are retrieved from all projection data. The RR process can produce noise hot spots that detrimentally affect image quality. The MAP algorithm is used to suppress the formation of hot spots. It is a 1-step late implementation using a Green's prior with parameters that have been tuned for each clinical protocol and for gated and attenuation-corrected images (11) . Attenuation correction (AC) with Evolution for Cardiac also includes scatter correction based on a dual-energy window. A median root prior is used in the last iteration of the reconstruction to preserve edge sharpness (12) . This scheme has been found to give an image of equal or superior quality on limited clinical studies and on physical phantom data (13) (14) (15) (16) (17) (18) (19) (20) .
Patient Population
We prospectively evaluated 212 patients from July 2007 through March 2008 at the Nuclear Cardiology Diagnostic Imaging laboratory, University of Ottawa Heart Institute, Ottawa, Canada. Patients were selected from those who were scheduled to have routine rest/stress myocardial perfusion SPECT for suspected or known CAD. A total of 112 patients underwent full-time (FT) and HT acquisitions. Another 100 patients underwent 2 FT acquisitions to evaluate test-retest reproducibility. The patients had a mean age of 57 y (age range, 27-86 y), and their clinical characteristics are provided in Table 1 . The test-retest group had more males and a higher pretest likelihood of CAD. However, most cases in both groups were of moderate risk (10%290%). The study was approved by the University of Ottawa's Human Ethics Review Board, and patients gave written consent before enrollment.
Radiopharmaceutical Injection and Image Acquisition
99m Tc-tetrofosmin (Myoview; GE Healthcare) was used in all the studies. The radiopharmaceutical doses were administered, 
Exercise and Dipyridamole Stressing Protocols
Patients were advised, at the discretion of their referring physician, to stop taking nitrates, calcium antagonists, and b-blockers at the time of the myocardial perfusion study. They were also asked to refrain from ingesting caffeine-containing foods and beverages, drugs, and dipyridamole for 24 h before their study.
Unless contraindicated or at the request of the referring physician, all patients underwent a symptom-limited Bruce protocol treadmill exercise test. Targeted heart rate was 85% of maximum age-adjusted predicted heart rate (22) . At peak stress, the radiotracer was injected intravenously, and exercise was continued for an additional 60 s. The patients who were unable to achieve the targeted heart rate or exercise were stressed pharmacologically. Dipyridamole (0.142 mg/kg/min) was infused intravenously for 5 min, and 99m Tc-tetrofosmin was injected at 2 min after infusion completion (7 min into the study). Aminophyline (100-200 mg) was given intravenously 2 min after injection of the radiotracer.
Data Acquisition and Reconstruction
All studies were completed with a 90°-angled dual-head integrated SPECT/CT camera (Infinia Hawkeye 4; GE Healthcare) using standard (FT) and short (HT) protocols. All images were acquired with a low-energy high-resolution collimator using a 15% energy window centered on the 140-keV photopeak of 99m Tc, based on ASNC guidelines for cardiac 99m Tc studies (21) . In the standard protocol, SPECT data were acquired for 25 s per projection (30 projections/head; total of 180°of data) for both the rest and the stress studies. In the short protocol, data were acquired for 15 s per projection for the rest study and 10 s per projection for the stress study. Both rest and stress studies were gated at 8 frames per cardiac cycle. In one half of the 112 patients, the HT scan was acquired first, followed by the FT scan; in the other half of the patients, the scan order was reversed. A single low-dose CT scan (helical, 140 keV, 1 mA with 1.9 pitch) was acquired at the end of both rest and stress acquisitions for AC. Vendor-supplied quality-assurance software was used to ensure the CT scan was registered with both HT and FT SPECT images. Projections and reconstructed matrix size for all scans were 64 · 64 pixels, with a pixel size of 6.8 · 6.8 mm. Reconstruction was done on a Xeleris 2.0 (GE Healthcare) workstation running on xw6200 hardware (Hewlett Packard). For the 100 patients undergoing the test-retest portion of the study, 2 standard SPECT scans were obtained, one immediately after the other and with the same acquisition parameters as described above.
All FT scans were reconstructed with both FBP and OSEM. Both gated and ungated images were used for evaluation. The FBP images were created with a 10th-order Butterworth filter, using different cutoff frequencies for the ungated (0.4 cycles/cm) and gated (0.35 cycles/cm) data. The OSEM iterative reconstruction (2 iterations, 10 subsets) was done both with CT-based AC (IRAC) and without CT-based AC (IRNC). The OSEM images were also filtered after reconstruction with a 10th-order Butterworth filter: ungated (0.4 cycles/cm) and gated (0.35 cycles/cm).
All HT scans were reconstructed with Evolution for Cardiac using manufacturer-recommended RR and noise-reduction parameters (12 iterations, 10 subsets) both with CT-based AC (IRACRR) and without CT-based AC (IRNCRR). The factory-recommended Butterworth filters were applied to the ungated rest (0.4 cycles/ cm), ungated stress (0.52 cycles/cm), and gated rest and stress (0.4 cycles/cm) data.
The resulting images were randomized and analyzed in a masked manner by 2 experienced American Board of Nuclear Medicine-certified nuclear medicine physicians using 4DM-SPECT (Invia Medical Imaging Solutions) on a Hermes Gold workstation (Hermes Medical Solutions). Differences between the readers were resolved with consensus.
Data Collection and Statistical Analysis
The reconstructed images were assessed subjectively for image quality as poor, good, or excellent. The summed stress score (SSS) (graded from 0 [normal tracer uptake] to 4 [absent tracer]), summed rest score (SRS), and regional wall motion (graded as normal, hypokinetic, akinetic, or dyskinetic) were visually assessed using a 17-segment model. Automated analysis on gated SPECT was used to determine the end-diastolic volume (EDV), end-systolic volume (ESV), left ventricular ejection fraction (LVEF), and transient ischemic dilation (TID). Finally, a clinical diagnosis was determined from perfusion, TID, and wall motion as normal, probably normal, equivocal, probably abnormal, or abnormal. Fixed defects with normal wall motion were considered to be normal perfusion with an attenuation artifact. For this study, an SSS greater than or equal to 2 and a TID greater than 1.2 (23) were considered abnormal. A more typical cutoff value for normal SSS is less than 4 (24), but we have chosen a stricter criterion of less than 2 for this study to emphasize any minor differences in apparent perfusion.
The concordance of clinical diagnosis for the FT and HT images was evaluated using the intraclass correlation coefficient (ICC-r) and k-coefficient. The SSS, SRS, summed difference scores (SDS), and quantitative parameters (LVEF, LVEDV, and LVESV) were compared using linear regression analysis, the ICC-r, and Bland-Altman analysis. Mean values were compared using a Bonferroni-corrected 2-tailed paired t test, with a value of P less than 0.05 considered significant.
RESULTS
FBP Analysis
There were no differences in subjective image quality among the FT images reconstructed with FBP and IRNC. Image quality was excellent in 111 of 112 images reconstructed with both FBP and IRNC, and the last image was adequate on IRNC. No significant difference in SSS, SRS, SDS, and wall motion were observed between FBP and IRNC (Supplemental Table 1 ; supplemental materials are available online only at http://jnm.snmjournals.org). Quantitative analysis of left ventricular volumes (LVEDV, LVESV, and LVEF) also showed no significant difference between FBP and IRNC. With respect to clinical diagnosis, there were 2 of 112 (1.8%) discordant cases. Both cases were normal on FBP.
The patient in the first discordant case had mild ischemia in the right coronary artery territory on IRNC, and subsequent 82 Rb-PET findings were normal. The patient in the second discordant case also had mild ischemia in the left circumflex artery territory on IRNC but was unavailable for follow-up. This level of disagreement is similar to the discordance seen in the test-retest repeatability.
For the 100-patient test-retest portion of the study, all measures (SSS, SRS, SDS, wall motion, LVEDV, LVESV, LVEF, and TID) showed significant correlation and no significant differences in the mean values (Supplemental Table 1 ). Bland-Altman analysis of the LV volumes and ejection fraction showed no changes in the distribution of differences as a function of mean values. The clinical diagnosis of the 100 patients from the test-retest portion of this study showed excellent reproducibility: ICCr 5 0.98 (P 5 0.001). The patient in the first discordant case had mild-to-moderate ischemia in the inferior wall in the initial acquisition. However, in the subsequent acquisition there was scatter from the gut that led to a diagnosis of subdiaphragmatic attenuation, with normal wall motion. The patient in the second discordant case had normal perfusion in both acquisitions but had a change from normal-tomoderate global hypokinesis.
Visual Analysis
No differences in subjective image quality between FT and HT images were observed (Fig. 1) . Image quality was excellent in 110 of 112 for HT images reconstructed with IRNCRR, 112 of 112 for HT images reconstructed with IRACRR, and 111 of 112 for FT images reconstructed with both IRNC and IRAC. Highly significant correlations for SSS and SRS were observed between IRNCRR and IRNC (ICCr 5 0.94 for both SSS and SRS) and between IRAC and IRACRR (ICCr 5 0.96 for both) (Supplemental Table 2 ). The correlation for the SDS measure was reduced (without AC, ICCr 5 0.55; with AC, ICCr 5 0.39). The reduced correlation was caused by the large number of patients with an SDS of 0 and the small range of SDS differences in our patient sample (range, 25 to 4). The concordance in SDS remained good; the SDS differences between FT and HT images (Fig. 2) were 0 in 95 of 112 patients without AC and 96 of 106 patients with AC and were greater than or equal to 4 in only 3 of 112 patients without AC and 2 of 106 patients with AC.
Quantitative Analysis of LV Volume and Function
Quantitative analyses were performed on both FT and HT gated stress acquisitions. We compared HT and FT images without (IRNCRR and IRNC) and with CT-based AC (IRACRR and IRAC) and found no significant differences in LVEDV, LVESV, and LVEF (Supplemental Table  2 ). LVEF determined from HT SPECT correlated well with that of FT without AC (IRNC vs. IRNCRR, ICCr 5 0.90) and with CT-based AC (IRACRR vs. IRAC, ICCr 5 0.88) (Fig. 3) . The Bland-Altman plot analysis of IRNCRR with IRNC and IRACRR with IRAC showed no significant differences in LVEF (Fig. 4) . Similar results were seen for LVEDV and LVESV (Supplemental Table 2 ). The only difference observed was a small but significant (P 5 0.04) increase in the average TID for IRACRR (TID 5 0.96), compared with IRAC (TID 5 0.92).
Clinical Diagnosis
Clinical diagnoses obtained from IRNCRR were 95% (106/112) concordant with IRNC, and the k-coefficient was 0.88. Clinical diagnoses obtained from IRACRR were 96% (102/106) concordant with IRAC, and the k-coefficient was 0.91. The differences in SSS in the 6 discordant cases were mild; they were within the range of 2 to 4. Frequently an SSS greater than or equal to 4 is required for a scan to be considered abnormal. In this study, we use an SSS cutoff of 2. We also used a TID value greater than or equal to 1.2 as abnormal and considered fixed defects with normal wall motion to be attenuation artifacts (for a scan without AC). The discordant clinical diagnoses (Table 2 ) are detailed in Table 3 . CT-based AC resolved all of the differences in perfusion (cases 2-6) (Fig. 5) . In case 1, the patient was claustrophobic and a CT scan could not be acquired. An 82 Rb-PET follow-up study showed normal perfusion. Patients in cases 5 and 6 were also followed up with an electrocardiogram-gated 82 Rb-PET scans, and both PET studies had normal perfusion and normal TID. The patient in case 7 underwent a subsequent angiogram during the course of clinical evaluation, which showed no significant stenosis supplying the inferolateral wall, the area of ischemia noted in both no-AC studies and the IRAC study. The patient in case 8 relocated and was unavailable for further follow-up.
DISCUSSION
This study compared images obtained with HT acquisition and processed with the Evolution for Cardiac reconstruction algorithm with conventional image acquisition and processing protocols using FBP and OSEM. Our results indicate that the new reconstruction algorithm with RR can reduce acquisition time and provide similar image quality and diagnostic accuracy for myocardial perfusion in terms of perfusion, wall motion, and volumes for the evaluation In the studies by these authors, images were acquired on a Ventri 90°-angled dual-head scintillation camera (GE Healthcare), and we have demonstrated similar results here on an Infinia Hawkeye (GE Healthcare). DePuey et al. compared HT OSEM-RR and WBR with FT FBP using metrics of image quality, LV volumes, LVEF, and wall motion. In our study, we extended these results to clinical diagnosis, SSS, SRS, SDS, and CT-based AC. We had also compared 2 sets of FT acquisitions reconstructed with a clinically used FBP algorithm for test-retest reproducibility.
This study suggests that CT-based AC may improve concordance between HT and FT images. In those cases for which there was discordance between the IRNC and IRNCRR results, the inclusion of CT-based AC removed the differences in perfusion. A possible explanation is that the addition of AC in the algorithm improves the accuracy of the camera over RR alone and leads to greater consistency in the data and a more accurate reconstructed image. Narayanan et al. demonstrated that iterative reconstruction provides better performance than does FBP reconstruction for the overall detection of CAD and the localization of perfusion defects in the 3 arterial territories (25) . They noted a steady improvement in defect detection as attenuation, scatter, and resolution losses were progressively compensated for in the reconstruction, suggesting that improved modeling of physical degradations can improve the quality of cardiac perfusion images. Thus, use of both resolution and attenuation compensation might be expected to yield a better result than would resolution compensation alone, although with the small number of cases in this study the differences were not shown to be significant.
A 100-patient test-retest study was performed on the same camera with the same methodology to determine the reproducibility for specific parameters (SSS, SRS, SDS, LVEDV, LVESV, LVEF, and wall motion) and clinical diagnosis through masked reading of separate studies performed one immediately after the other. This study yielded a discrepancy rate for the clinical diagnosis of 2%. Although this rate is slightly lower than the discrepancy rate seen between the FT and HT images, the small test-retest variability would account for some of the discrepancy seen, making the true difference between the HT and FT images even less.
In this study, we observed a small but significant (P 5 0.04) increase of 4% in the average TID for IRACRR, compared with IRAC. TID may be caused by an apparent thinning of the myocardial wall due to reduced uptake in the endocardium (26) . TID is measured on the basis of the change in LV volume between rest and stress images. Resolution recovery has the potential to alter the spatial resolution of images and thereby influence the accuracy of edge detection and measured vol- Normal studies had normal perfusion, TID, and wall motion. Abnormal studies had SSS greater than or equal to 2 or TID greater than 1.2 or wall motion abnormalities greater than or equal to 2.
umes. In light of this and the observed increase in TID, it may be necessary to redefine the reference range for TID using the HT reconstruction algorithm.
A disadvantage of the new reconstruction algorithm is that there is a significant increase in image reconstruction time with RR (11 min for each IRNCRR and IRACRR), compared with standard clinical reconstruction (1-2 min for FBP and 2-3 min for IRNC). The increase in processing time might have the potential to affect workflow, offsetting the reduced acquisition time. However, for the purposes of image-quality assurance, the projection data are immediately available. In addition, the total reconstruction time is still considerably less than camera time required for each patient when the time for patient positioning and camera set-up are included. Thus, reconstructed images are completed before the next patient's projection data become available and no backlog in processing should occur.
Study Limitations
The RR and noise reduction described in this study for HT acquisition are modeled specifically for each camera and collimator; thus, the result of 1 camera cannot be completely generalized to other types of cameras and collimators. The result of the study described in this report is validated only for the Infinia Hawkeye 4 SPECT/CT dual-head camera. Therefore, care should be taken in extending these results to other systems, and further validation may be necessary.
The filters used for the FT images were different from those recommended for the HT images. Incorporating RR and MAP priors into the reconstruction alters the noise and resolution properties of the resultant images, making it unlikely that the optimal filters for the new algorithm will coincide with those currently used as optimal for our clinical (FT) images. In this study, we chose to use the manufacturerrecommended postfiltering parameters. These are expected to be a reasonable choice for filtering but may not represent the optimal choice for our patient population. The differences in filtering combined with RR may alter the definition of the myocardial wall and could, therefore, alter the automatic computation of the valve plane or ventricular volume, for example. The filters could possibly be adjusted to improve further the already high concordance between the FT and HT images. In addition, some studies have shown that imaging early after stress (,30 min) can result in transient wall motion abnormalities (27) . This effect may have contributed to differences seen in some cases because of the serial nature of our imaging protocol.
Differences were noted between some FT and HT images for which follow-up was not available. This was true for images both with and without AC, although there was a trend toward a smaller number of discrepancies with the inclusion of AC. Because of the lack of an independent standard, it remains uncertain which of the approaches yields a more accurate result in this small number of cases. Additionally, the total number of discrepancies between the HT and FT images is small, making it difficult to draw any meaningful conclusion as to whether the images from one approach are superior to those of the other. Further investigation with an independent standard such as PET would be necessary to settle this question, and the results are unlikely to be clinically meaningful as the number of studies in question is 4% or fewer.
Clinical Relevance
The advantages of reducing acquisition time by 50% are considerable and include improvement in image quality through reduced patient motion, improvement in patient experience with less discomfort and anxiety, improvement in patient throughput, and, finally, possible increase in camera efficiency. Alternatively, the radiopharmaceutical dose could be halved while maintaining a FT acquisition, to decrease radiation exposure to patients and staff.
CONCLUSION
A new OSEM-based reconstruction algorithm incorporating depth-dependant RR and MAP noise suppression has been evaluated in 112 patients both with and without CTbased AC. HT images processed with the new algorithm provided a clinical diagnosis in concordance with the diagnosis from FT images processed with standard algorithms in 95% (no AC) to 96% (with AC) of cases. The concordance of the FT-HT imaging is similar to test-retest repeatability of FT imaging.
